Abstract. We performed electron spin and nuclear magnetic resonance and inelastic neutron scattering measurements of a single crystal of lightly hole-doped La 1−x Sr x CoO 3 , x ∼ 0.002 in order to establish the origin of a surprisingly strong magnetization due to a very small Sr doping. The data provide experimental evidence for the creation at low temperatures of extended spin clusters with a large spin multiplicity. We argue that the doped hole couples ferromagnetically seven magnetic Co ions yielding a spin-state polaron with a huge local magnetic moment with a strong orbital contribution.
Introduction
Hole-doped cobaltite La 1−x Sr x CoO 3 with a pseudocubic perovskite structure attracts a continuous attention due to its rich phase diagram and unusual magnetic properties [1] . LaCoO 3 is a nonmagnetic insulator at low temperatures since Co 3+ (3d 6 ) occurs in the low-spin (S = 0) state. It becomes magnetic and conducting at higher temperatures due to a thermally driven transition of Co 3+ to a higher spin state. The substitution of a Sr 2+ ion for La 3+ provides hole doping. It yields the formation of ferromagnetic clusters that show superparamagnetic and spin glass properties in the doping range 0.05 < x < 0.2. Up to now most of the investigations were focused on compositions with relatively high Sr doping levels (x > 0.1). It was considered that introduction of each hole in the parent LaCoO 3 creates in the lattice a Co 4+ ion possessing a magnetic moment. Surprisingly Yamaguchi et al. [2] found that already very small doping levels (x ∼ 0.002) give rise to an unexpectedly large magnetic susceptibility at low temperatures that cannot be explained by the occurrence of a small amount of individual magnetic Co 4+ ions. It was conjectured that a doped hole forms a magnetic polaron with a huge local magnetic moment, though its nature has remained unclear. To obtain insights onto the microscopic origin of such a polaron we performed measurements of electron spin (ESR), nuclear spin (NMR) resonance and inelastic neutron scattering (INS) on a highly stoichiometric single crystal of La 1−x Sr x CoO 3 with x=0.002 [3] . A drastic enhancement of magnetism due to a small Sr doping is also seen in the NMR measurements. In contrast to our 59 Co NMR data of the undoped LaCoO 3 where the spectral shape and the spin-lattice relaxation rates agree very well with previous studies [5, 6] , the NMR results on La 0.998 Sr 0.002 CoO 3 are remarkably different (Fig.1,a) . The low T spectrum broadens and quadruple structure is not resolved anymore, implying that the hole doping induces a strongly inhomogeneous distribution of local magnetic environments at low temperatures which is seen by the majority of the 59 Co nuclei. In addition, there is a very strong enhancement, about 15 times, of a nuclear spin relaxation rate 1/T 1 at low T that evidences strong magnetic fluctuations (Fig.1,b) . At T > 30 K the rate 1/T 1 and the spectral shape become however very similar to that of the undoped LaCoO 3 . Low temperature INS measurements of the doped sample (Fig.1,c) reveal a peak at the energy of ∼ 0.75 meV which is absent in the undoped compound [7] . The occurrence of this peak at low T suggests that it is a gapped ground state magnetic excitation. Upon raising the temperature an additional peak appears at ∼ 0.6 meV. This excitation is present also in the undoped material where it was attributed to thermally excited magnetic Co 3+ ions [7] . The gapped nature of magnetic excitations in the doped sample is also evident in the ESR measurements. Whereas at low frequencies only a small ESR absorption line can be detected presumably due to paramagnetic impurities, a strong multi-line ESR signal appears at ν well above 100 GHz (Fig. 2) . The ESR response is strongest at the lowest temperature of 4 K in a drastic contrast to the parent LaCoO 3 which is ESR silent at low T [8] . Depending on the excitation frequency one can observe up to seven resonance lines which signifies a large spin multiplicity of the resonating centers. To quantify the excitation gap ∆ 0 the position of these lines has been plotted in the ν versus B coordinate frame and linearly approximated to B = 0 (Fig.2,a) . Linear fits for excitations 1, 2, 3 and 6 which comprise a significant part of the total spectral weight cross the frequency axis at the gap value ∆ 0 ≈ 170 GHz ≈ 0.7 meV which corresponds well with the position of the low T magnetic peak in the INS spectrum (Fig. 1c) . From the slope of the linear fits we obtain the g-factors of corresponding ESR modes that range from 2.1 to 18.3. For the main line with the biggest intensity (peak 3 in Fig. 2b) , the g-factor is equal to 3.55. Note that g-factors much larger than the spin-only value of 2 evidence a big admixture of the orbital magnetic moment to the spin moment, suggesting a strong spin orbital coupling in the system.
The low temperature set of lines (peak 1 to peak 7 in Fig. 2 ) decreases in intensity upon warming the sample. At T > 30 K two new lines, marked A and B in Fig. 2,b , appear. Their values are very close to the Co 3+ -ESR data in the pristine LaCoO 3 by Noguchi et al. [8] . Moreover, the ESR gap value ∆ A,B 0 ≈ 0.6 meV is very similar to the high T magnetic peak in the INS spectrum of the doped (Fig. 1c) and undoped compound [7] , both assigned to the thermally activated magnetic Co 3+ states.
Discussion
The above experimental data on La 0.998 Sr 0.002 CoO 3 obtained from different techniques yield the unambiguous conclusion that in this small doping regime a huge low temperature magnetic response cannot be explained by the magnetism of a small amount of individual Co 4+ ions created by the hole doping. To explain a large magnetic moment, a spatially inhomogeneous distribution of magnetization across the sample and a large spin multiplicity one has to conjecture that a doped hole creates an extended spin cluster (spin polaron) with a significant contribution of orbital magnetism. Remarkably, measurements of the intensity of the 0.75 meV INS peak as a function of the scattering wave vector show that the created polaron is the octahedral-shape septamer of Co ions [3] . The smaller ionic radii and a larger positive charge of the Co 4+ ions created due to the hole doping yields a displacement of oxygen ligands towards a Co 4+ ion and thereby reduce the crystal field potential at the surrounding Co 3+ ions. This leads to the stabilization of the magnetic intermediate spin state (S = 1) at these Co 3+ sites. Because of the strong ligand crystal field the central Co 4+ occurs in the low spin state (S = 1/2). The hole is delocalized between the central Co 4+ (S = 1/2) and six neighboring Co 3+ (S = 1) as has been proposed in Ref. [9] . The double exchange interaction due to the hopping of the hole in this septamer promotes a ferromagnetic coupling between the central Co ion and its six neighbors which form thus a ferromagnetic spin-state polaron.
